Hydraulic Design of Drip Irrigation Systems by Wu, I-Pai et al.
TECHNICAL BULLETIN NO. 105 DECEMBER 1979
HYDRAULIC DESIGN OF DRIP IRRIGATION SYSTEMS
I-PAl WU, TERRY A. HOWELL, and EDWARD A. HILER
HAWAII AGRICULTURAL EXPERIMENT STATION, UNIVERSITY OF HAWAII
Western Regional Research Project W-128
THE AUTHORS
I-PAl WU is Professor and Agricultural Engineer, Agricultural
Engineering Department, University of Hawaii.
TERRY A. HOWELL is Agricultural Engineer, Water Management
Lab , USDA-SEA-AR (formerly Agricultural Engineer, Agricultural
Engineering Department, Texas A&M University).
EDWARD A. HILER is Professor and Head, Agricultural Engineering
Department, Texas A&M University.
CONTENTS
Page
GENERAL DESCRIPTION OF A
DRIP IRRIGATION SYSTEM 5
BASIC HYDRAULICS OF A DRIP IRRIGATION SYSTEM 6
Hydraulics of Emitters 6
Hydraulics of Drip Irrigation Lines 7
Pipe Flow Equations for Drip Irrigation Lines . . . . . . . . .. 7
Energy Gradient Line for Drip Irrigation
Laterals (or Submains) 8
Pressure Variation Along a Drip Irrigation Line 10
Emitter Flow Variation and Uniformity Coefficient
of Emitter Flow Along a Drip Irrigation Line 14
DESIGN OF DRIP IRRIGATION LATERAL LINES 17
A General Design Chart for Uniform Slope and
Fix ed Pipe Size 17
A General Design Chart for Uniform Slope for All Pipe Sizes 22
A Specific Design Chart for Uniform Slope and for
a Specific Lateral Line Size (or Emitter) 25
Design Chart for Lateral Lines on Nonuniform Slopes 27
Design Chart for Drip Irrigation Laterals with
Varying Pipe Sizes 28
Lateral Design for Emitters Other than the Ori fice Type 33
DESIGN OF DRIP IRRIGATION SUBMAINS 35
A Gen eral Submain Design Chart for a Single Size
on Uniform Slopes 35
A Simplified Submain Design Chart for Single Size
on Uniform Downslopes (or Zero Slope) 35
Submain Design for Irregular-Shaped Fields 39
Design of Drip Irrigation Submains with Varying Pipe Sizes 45
DESIGN OF DRIP IRRIGATION MAIN LINES . . . . . . . .. 45
The Energy Gradient Line 45
The Optimal Shape of th e Energy Gradient Line 47
A Straight Energy Gradient Line 50
DRIP IRRIGATION EFFICIENCY . . . . . . . . . . . . . . . . . . . . . 54
Emitter Flow Profiles 55
Distribution Efficiency of Drip Irrigation 57
Application Efficiency of Drip Irrigation 58
Design Criterion for a Drip Irrigation System 60
DESIGN OF A DRIP IRRIGATION SYSTEM 61
Design Capacity 61
Selection and Design of La teral Lines 63
Field Layout and the Design of Submains and Main Lines 64
Design Examples 64
DRIP IRRIGATION SYSTEM DESIGN USING METRIC UNITS . 73
Lateral Line Design Charts for Uniform Slopes 74
A General Design Chart for Uniform Slope for All Pipe Sizes. . .. 75
Design Chart for Lateral Lines on Nonuniform Slopes 76
Design Charts for Lateral and Submain Design with
Varying Pipe Sizes 76
Simplified Submain Design Charts 77
Design Chart for Drip Irrigation Main Lines 77
REFERENCES CITED 79
ACKNOWLEDGMENTS
The research results reported in this publication are derived from
studies on hydraulics of drip irrigation from 1973 to 1978. This
research was coordinated by the Western Regional Research Committee
W-128, " Trickle Irrigation. to Improve Crop Production and Water
Management." Individual research programs have been supported by
the respective state experiment stations and federal agencies.
The members of the Western Regional Research Committee W-128
are:
Administrative Advisor
John R. Davis, Agricultural Experiment Station, Oregon State University,
Corvallis, Oregon.
CSRS Representative
Paul E. Schleusener, CSRS , USDA , Washington, D.C.
Arizona (SEA)
Dale A. Bucks, U.S. Water Conservation Lab. , SEA , USDA, Phoenix.
Francis S. Nakayama, U.S. Water Conservation Lab. , SEA, USDA, Phoenix.
John A. Replogle, U.S. Water Conservation Lab., SEA, USDA, Phoenix.
Arizona
Delmar D. Fangmeier, Soils, Water and Engineering Dept., University of Arizona,
Tucson.
Robert L. Roth, Yuma Valley Experiment Station, University of Arizona, Yuma.
A. W. Warrick , Soils, Water and Engineering Dept. , University of Arizona, Tucson.
California (SEA)
Glenn J. Hoffman, U.S. Salinity Lab. , Riverside.
Claude J. Phene, Water Management Lab. , SEA, USDA, Fresno.
Jan Van Schilfgaarde, U.S. Salinity Lab., Riverside.
California
Dennis E. Rolston, Soils and Plant Nutrition Dept. ,University of California,Davis.
K. Uriu, Pomology Dept., University of California, Davis.
R. J. Miller, Westside Field Station, University of California-Davis, Five Points.
Colorado
Robert E. Danielson, Agronomy Dept., Colorado State University, Fort Collins.
David B. McWhorter, Agricultural Engineering Dept., Colorado State University,
Fort Collins.
Wynn R. Walker, Agricultural Engineering Dept., Colorado State University,
Fort Collins.
Hawaii
Harris M. Gitlin, Agricultural Engineering Dept., University of Hawaii , Honolulu.
Goro Uehara, Agronomy and Soils Science Dept. , University of Hawaii, Honolulu .
I-pai Wu, Agricultural Engineering Dept. , University of Hawaii, Honolulu.
New Mexico
Eldon G. Hanson, Agricultural Engineering Dept., New Mexico State University,
Las Cruces.
Theodore W. Sammis, Agricultural Engineering Dept., New Mexico State Uni-
versity, Las Cruces.
Peter J. Wierenga, Agronomy Dept., New Mexico State University, Las Cruces.
Oregon
Royal H. Brooks, Agricultural Engineering Dept., Oregon State University,
Corvallis.
Marvin N. Shearer, Agricultural Engineering Dept., Oregon State University,
Corvallis.
Texas
Edward A. Hiler, Agricultural Engineering Dept., Texas A&M University, College
Station.
Terry A. Howell, Agricultural Engineering Dept., Texas A&M University, College
Station.
Utah
R. John Hanks, Soils and Biometeorology Dept., Utah State University, Logan.
Washington
Day L. Bassett, Agricultural Engineering Dept., Washington State University,
Pullman.
Larry G. James, Agricultural Engineering Dept., Washington State University,
Pullman.
James E. Middleton, IAREC, Washington State University, Prosser.
Guam
C. T. Lee, Agricultural Experiment Station, College of Agriculture and Life
Sciences, University of Guam, Agana.
Assisting the authors as the technical editor for this publication was Calvin A.
Saruwatari, Graduate Assistant, Agricultural Engineering Dept., University of
Hawaii, Honolulu, Hawaii.
HYDRAULIC DESIGN OF DRIP IRRIGATION SYSTEMS
I-PAl WU
TERRY A. HOWELL
EDWARD A. HILER
GENERAL DESCRIPTION OF A DRIP IRRIGATION SYSTEM
Drip irrigation is a method of watering plants frequently and with
volumes of water approaching the consumptive use of the plants. This
method minimizes such "conventional" losses as deep percolation,
runoff, and soil water evaporation. Drip irrigation is accomplished by
using small-diameter plastic lateral lines with devices called emitters or
drippers at selected spacings to deliver water to the soil surface near the
base of the plants.
A drip irrigation system consists of laterals, submains, and main lines.
The lateral can be a small plastic tube combined with emitters or simply
a small thin-walled plastic tube with orifices. The laterals are designed
for distributing water into the field with an acceptable degree of
uniformity. The submain acts as a· control system that will adjust water
pressure to deliver the required amount of flow into each lateral ; it is
also used to control irrigation time for individual fields. The main line
serves as a conveyance system for delivering the total amount of water
for the irrigation system.
The emitters, laterals, submains, and main lines are considered the
principal parts of a drip irrigation system. There are supporting parts
such as filters , flushing units, pressure regulators, pressure gauges, joints
and fittings, gate valves, air relief valves, and fertilizer injectors that are
used to serve different purposes in a drip irrigation system.
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BASIC HYDRAULICS OF A DRIP IRRIGATION SYSTEM
Hydraulics of Emitters
Drip irrigation emitters vary from elaborate, variable-flow-rate types
to simple orifices or even punched, drilled , or burned holes in the pipe.
In general, the flow rate through the emitter is controlled by the
hydraulic pressure at the emitter and the flow path dimensions of the
emitter. There are three major groups of emitter types : (a) the orifice
or nozzle emitter, (b) the long-flow-path emitter, and (c) the pressure
compensating emitter.
The orifice or nozzle type usually has fixed emitter geometry so
that the flow area is constant. The emitter flow and hydraulic pressure,
theoretically, can be shown as
q = c hO.5
... (1)
in which q is the emitter flow rate , in gallons per hour (cubic
decimeters per hour) ; c is a constant ; and h is the pressure head, in feet
(meters).
The long-flow-path type will be considered as flow in a small
microtube. If the area of the flow path is fixed , the emitter flow
function can be given as
q = c hX ••• (2)
in which x = 1 for laminar flow , x = 0.57 when flow is considered as
turbulent flow in the smooth pipe; x =0.54 when the Williams and Hazen
formula (8) is used to describe the flow in a small tube, and x = 0.50
when the flow is considered as fully turbulent in the small tube.
The pressure compensating emitter is designed so the flow area
(orifice or nozzle) adjusts as pressure changes. For example, the flow
area will decrease when the pressure increases. The flow area and the
hydraulic pressure relationship can be shown as
... (3)
in which a is the orifice area, and band yare two constants in the
power function. The emitter flow function for this special type of
emitter can be shown as
q = c hO.5-y
... (4)
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This shows that in the power function , Equation 2, the x -value can be
made less than 0. 5. If the y -value is 0.5, then the x-value will be zero;
this means the emitter is fully pressure compensating, giving a constant
flow rate and no changes with respe ct to the variation of hydraulic
pressure.
Hydraulics of Drip Irrigation Lines
Flow in the drip irrigation lines is hydraulically steady , spatially
varied pipe flow with lateral outflows as shown in Figure 1. The total
discharge in a drip irrigation line (lateral , submain , or main) decreases
with respect to the length of line. The lateral and submain can be
considered as having the same hydraulic characteristics and are designed
to maintain the smallest pressure variation along the line . The main line
is designed based on the input pressure, the required pressure, and the
slope of the energy gradient line, which will give a total energy higher
than that required at any submain for irrigation.
Pipe Flow Equations for Drip Irrigation Lines
Drip irrigation lines made of plastic are usually considered to be
smooth pipes so the Blasius formula (7) can be used. One empirical
hi hZ hn-3 hn-Z hn-i hn
I I I I I
I n I I I I
I Q = 2: q . I I I II 1 i=i ~ I I , I I I
I I I
}
... 1 I
... ~ --..-.. ~ ~
I j f I II It I. If
qi qz qn-3 qn-Z qn-i qn
n
Q = 2: qiP i=p
Figure 1. Emitter flow and pressure distribution along a drip irrigation line.
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equation frequently used is the Williams and Hazen formula (8). As the
discharge in the lateral line reduces to zero at the end, there must be a
section where laminar flow exists, so the laminar flow equation can be
used. The flow in the main line or some sections of the submain may be
large enough to reach fully turbulent flow, so the turbulent flow
equation can also be used.
In general, the friction drop equation for pipe flow can be shown in
simplified form as
... (5)
where D.H IS the total energy drop of a pipe section, in feet (meters); a
is a constant for a given pipe size and type of flow (or special type of
empirical equation used) ; Q is the total discharge rate, in gpm (Ips); D.L
is the section length, in feet (meters) ; m =1for laminar flow , m = 1.75
for turbulent flow in smooth pipe, m = 1.852 for turbulent flow using
the Williams and Hazen formula, and m = 2 for a fully turbulent flow
where the friction coefficient is constant.
Among all the equations, the Williams and Hazen formula is
commonly and most frequently used. The Williams and Hazen formula
for smooth pipe (using C = 150) can be shown as
Q1.852
D.H = 9.76 X 10-4 D4.871 D.L
... (6)
in which D.H is the energy drop by friction for a given pipe length D.L ,
both in feet ; Q is the discharge rate, in gallons per minute; and D is the
inside diameter (I .D.) in inches. The Williams and Hazen formula also
can be shown in metric units as
Q1.852
!:::J.H = 15.27 D 4.871 !:::J.L
. . . (7)
in which D.H and D.L are expressed in meters, Q is expressed in liters per
second, and D is expressed in centimeters.
Energy Gradient Line for Drip Irrigation Laterals (or Submains)
As the discharge in the line decreases with respect to the length, the
energy gradient line will not be a straight line but a curve of
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exponential type (6, 11). The shape of the energy gradient line can be
expressed by a dimensionless energy gradient line (14) and can be
expressed as
... (8)
When the Williams and Hazen formula is used for the pipe flow , the
dimensionless energy gradient line can be expressed as
R, = 1 - (1 - i)2.852
... (9)
in which R, = AHdAH and is called energy drop ratio ; AH is the total
energy drop at the end of the line or the maximum energy drop, in feet
(meters) ; AHi is the total energy drop, in feet (meters) at a length ratio
i (i = ZIL) ; L is the total length of the line , in feet (meters); and Z is a
given length measured from the head end of the line , in feet (meters).
The dimensionless energy gradient lines for different flow conditions
are shown in Figure 2 ; when the Williams and Hazen formula is used ,
the dimensionless energy line is plotted using Equation 9 (see Figure 2).
The dimensionless energy gradient .line will serve as a tool to
determine the energy gradient curve when the total energy drop is
known. The total energy drop can be determined by using the total
discharge (14) and can be expressed as
Q'f
AH=-a - -L
m+l
... (10)
in which Qt is the total discharge at the inlet section. If the average
discharge is used the total energy can be expressed as
... (11)
in which Qa is the average discharge of the line. Equations 10 and 11
show that the total energy drop can be determined by using either the
total discharge or the average discharge. If the Williams and Hazen
formula is used , the total energy drop can be determined as
... (12)
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Figure 2. Dimensionless curves showing the friction drop pattern caused by laminar
flow, flow in smooth pipe, and complete turbulent flow in a lateral line.
for British units where Qt is in gallons per minute, D is in inches, and L
and ~H are in feet, or
~H
Q/.852
5.35 D 4 .871 L
... (13)
for metric units where Qt is in liters per second, D is in centimeters, and
L and ~H are in meters. This confirms the use of the F-value as the
reduction coefficient (2, 3) when a total discharge is used in calculating
the total energy drop.
Pressure Variation Along a Drip Irrigation Line
If a drip irrigation line is laid on level ground the pressure variation
along the line will follow the energy gradient curve. If a drip irrigation
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line is laid on slopes the pressure variation will be affected by the
slopes. When the line is laid upslope it will lose pressure, and when the
line is laid downslope it will gain pressure. The loss or gain in pressure is
linearly proportional to the slope and length of the line.
The total energy at any section of a drip line can be expressed by the
energy equation
H= z+h+
2 -v
2g
· .. (14)
· .. (15)
dhdzdH
dL
where H is the total energy , in feet (meters) ; z is the potential head , or
elevation, in feet (meters); h is the pressure head, in feet (meters); and
v2 /2g is the velocity head in feet (meters). The change of energy with
respect to the length of line , L, can be expressed as (12)
2
d(!!-)
2g
+- + - -.
dL dL dL
Since the outflow from emitters is low in a drip irrigation line , the
change of velocity head with respect to the length is small and can be
neglected. Therefore, the energy equation can be reduced to
dH
dL
dz dh
+ -
dL dL · .. (16)
where dH/dL is the slope of the energy line or the energy slope , or
dH
dL = -Sf· ... (17)
The minus sign means there is friction loss with respect to the line
length. The dz/dL represents the slope of the line, as in
dz
dL = -So (downslope) ... (18)
and
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dz
dL = So (upslope). · .. (19)
The pressure distribution for a drip irrigation line if it is laid downslope is
dh
dL = So - Sf . · .. (20)
The pressure distribution for a drip irrigation line if it is laid upslope is
dh
dL = -So - Sf . · .. (21)
Equations 20 and 2 1 show that the pressure distribution along a drip
irrigation line is a linear combination of the line slope and energy slope.
With the knowledge of the dimensionless energy gradient line , the
friction drop at any given length of the line can be determined when a
total energy drop (~H) is known. If the length of line and slope are
known, the pressure head gain or drop can be determined. The pressure
distribution along a drip irrigation lateral, if an initial pressure is given,
can be determined as shown in Figures 3 and 4.
The pressure distribution (or variation) along a drip irrigation line in
Figures 3 and 4 can be expressed mathematically as
... (22)
in which hi is the pressure expressed as hydrostatic head, in feet
(meters), at a given length ratio i; H is the input pressure, in feet
(meters); ~Hi is the total friction energy drop, in feet (meters), at a
given length ratio i; and llH/ is the energy gain or loss by slopes (+ sign
for downslope, - sign for upslope), in feet (meters) , at a given length
ratio i. Equation 22 can be expressed by using the energy drop ratio R,
from the dimensionless energy gradient line and an energy gain (or loss)
ratio by slopes, R/
... (23)
in which ~H is the total energy drop by friction; ~H' is the total energy
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Figure 3. The pressure distribution along a drip irrigation line (downslope).
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Figure 4. The pressure distribution along a drip irrigation line (upslope).
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gain (or loss) by slopes; R, = /1H)/1H; and R/ = /1H;'//1H'. The energy
relationship in Equation 23 can be used for both uniform and
nonuniform slopes. For uniform slopes, R/ is the same as the length
ratio i; the pressure along the drip irrigation line will be
hi = H - R, /1H ± i /1H'. . .. (24)
If the drip irrigation line is laid on nonuniform slopes, the total length
is divided into 1D equal sections, and the slope for each section is
determined as S1, S2,"" SlO' then the pressure along the drip
irrigation line for nonuniform slopes can be expressed as (15)
j
hi = H - R, /1H ± D.IL L Sj
1
... (25)
in which Sj is the slop e of the jth section along the line using a + sign
for downslope and - for upslope; L is the total length of the drip
irrigation line ; and i and j are related, e.g., i =D.7 and j = 7.
Emitter Flow Variation and Uniformity Coefficient of Emitter Flow
Along a Drip Irrigation Line
As shown in Equation 2, the emitter flow is controlled by the
hydrostatic pressure at the emitter. This means whenever there is a
pressure variation in the drip irrigation line there will be an emitter flow
variation along the irrigation line. For an orifice type of emitter and
uniform line slope, the emitter flow can be shown as a square root
function of the pressure
qi = C VH - R, /1H ± R/ /1H' ... (26)
in which qi is the emitter flow at a given length ratio i. For other types
of emitters the proper value of x should be used (Equation 2) .
The degree of emitter flow variation can be shown by the uniformity
coefficient as defined by Christiansen (1) in sprinkler irrigation. The
uniformity coefficient for emitter flow variation can be expressed as
C
u
= I '_ /1q
q
... (27)
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in which Cu is the uniformity coefficient, q is the mean emitter flow ,
and flq is the mean deviation from the mean emitter flow . The
uniformity coefficient can be calculated in a simple way by using a
dimensionless emitter flow terrn if an emitter flow qo related to the
operating pressure H (or inlet pressure) is given ; therefore
· .. (28)
The uniformity coefficient calculated by using terms in Equation 28
will be the same as calculated by using terrns in Equation 26.
The uniformity coefficient is a quantitative evaluation of the emitter
flow variation. There are other ways of showing the emitter flow
variation by simply comparing the maximum emitter flow with the
minimum emitter flow. The one that is commonly used defines
qvar =
· .. (29)
in which qvar is the emitter flow variation, qrnax is the maximum
emitter flow along the line , and qrnin is the minimum flow along the
line. The relationship between the emitter flow variation as defined in
Equation 29 and the uniformity coefficient is determined as shown in
Figure 5, which indicates a uniformity coefficient of about 98 percent
equals an emitter flow variation of 10 percent and a uniformity
coefficient of about 95 percent equals an emitter flow variation of 20
percent.
The pressure variation and emitter flow variation are related by
the x-value shown in the emitter flow function (Equation 2). The
relation can be derived as
qvar = I - [l - Hvar ] x
in which
· .. (30)
H var =
· .. (31)
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Figure 5. Relationship between emitter flow variation and uniformity coefficient.
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Figure 6. Relationship between emitter flow variation and pressure variation for
different x-values.
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in which H var is the pressure variation, hm ax is the maximum pressure in
the line, and h min is the minimum pressure in the line. The relationship
between emitter flow variation and pressure variation for different
x-values are plotted and shown in Figure 6. When the x-value is 0.5 ,
which is true for most of emitters, a pressure variation of 20 percent is
equivalent to a 10 percent emitter flow variation, and a pressure
variation of 10 percent is equivalent to a 5 percent emitter flow
variation.
DESIGN OF DRIP IRRIGATION LATERAL LINES
In lateral line design , the first consideration is acceptable uniformity
of emitter flow or emitter flow variation. The design can be made to
achieve a completely uniform emitter flow by using different emitter
sizes [orifice diameter (6) , or microtube length (4)] , or by using
pressure compensating emitters. In general practice, the emitter
characteristics are usually fixed, and the emitter flow rate is determined
by pressure at the emitter in the line. Hydraulic studies show there are
certain to be pressure variations along a drip irrigation lateral due to
friction and slope, so there will certainly be emitter flow variations
along a lateral line. The major criterion in lateral line design is to design
a lateral line, or operating pressure for a given emitter with certain
spacing and field slope, to achieve an acceptable emitter flow variation
or uniformity coefficient.
A General Design Chart for Uniform Slope and Fixed Pipe Size
If a lateral line size is fixed and is on uniform slopes, a general design
chart made for a given lateral line size and for uniform slopes can be
used for designing laterals. A general design chart was made (12, 13) in
the following steps :
a. A computer program was made for Equation 28 using different
combinations of .6.HIH and .6.H'IH to calculate the emitter flow
ratio qzlqo. Assuming that the total length of the drip line was
arbitrarily divided into 10 sections, the calculation was made by
setting the IlL ratio as 0.1 , 0.2 , 0.3 , ... , 0.9 , and 1.0. Using
Figure 2, (the curve for the Williams and Hazen equation) or
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Equation 9, the energy drop ratio R, was found to be 0.26, 0.47 ,
0.64 , 0.77 , 0.86 , 0.93 , 0.97 , 0.99 , 0.999, and 1.0 for each length
ratio respectively. The pressure gain (or loss) affected by uniform
slopes is linearly related to the length ; therefore , the pressure gain
(or loss) ratio R/ is 0.1 , 0.2 , 0.3 , ... , 0.9 , and 1.0, which is the
same as the length ratio i. For each set of t1H/H and t1H'/H, 10
qdqo ratios can be calculated. By using Equation 27, the uniformity
coefficient of the emitter flow (based on the outflow from 10
sections plus the inlet section) can be determined. A total of 10
t1H/H from 0.1 to 1.0 and 15 t1H'/H from 0.1 to 1.5 was
programmed, and a total of 150 uniformity coefficients was
calculated. The uniformity coefficient for different sets of t1H/H
and t1H'/H was plotted in Quadrant I of Figure 7. The
equal-uniformity lines were plotted as shown in Figure 7.
b. Quadrant II of Figure 7 is designed to show the relationship
between Land t1H or in a dim ensionless form L/H and t1H/H.
Total
Discharge
(g pm)
1
40 30 20
L / H
L = La teral leng th , f e e t
H = Pressure a t t h e latera l
i n l et , f eet
Cu = Uniformity coef f i c ient
b y Chr is tianse n
93%
III
Uniformity Coefficient (C)
3%
2%
Figure 7. Design chart of a l/2-inch lateral line (downslope).
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This can be calculated by using Equation 12 and put it in a
dimensionless form
. .. (32)flH Q 1.852 L
3 42 X 10- 4 s:__if = . D4.871 H
When the lateral size is fixed , flH/H and L/H will be a linear
relationship for a given total discharge Qt. Therefore , different
straight lines presenting different total discharges were plotted in
Quadrant II of Figure 7. In Figure 7 the calculations were based
on a 1/2-inch (0.625 in I.D .) lateral line.
c. Quadrant IV of Figure 7 is designed to show the relationship
between Land flH' or in a dimensionless form L/H and flH' /H.
This can be calculated by the simple slope equation
H
flH' = S L
°H
... (33)
Equation 33 can be plotted as a family of straight lines
representing different slopes.
III
40
50
4.0
~
~~ 3 .0 <,
2 .0
Slope of La te r a l Line , %
(up )
Uniformity Coefficient (C)4 5II
To tal
Di s ch arge
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L = Lateral l en gth, f e et
H = Pressure at the la te ral
inlet I feet
Cu = ~~ i~~~;~ia~::~ fi cient L/ H
30
60 50 40 30
L/ H
Figure 8. Design chart of a 1/2-inch lateral line (upslope).
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d. The design chart was developed by putting Quadrants I, II , and IV
together. The designed chart was made for a 1/2-inch lateral line.
The design chart as shown in Figure 7 was made for downslopes ;
the design chart for upslopes was made and is shown in Figure 8.
The design charts as shown in Figures 7 and 8 indicate different
uniformity patterns; Figure 7 shows a higher uniformity pattern than
Figure 8. It is reasonable to expect the high uniformity pattern for
Figure 7 when the energy drop is combined with energy gain from
downslopes, whereas, in Figure 8, energy drop is combined with energy
loss from upslopes.
In a more practical fashion , because the emitter flow variation is
commonly used as design criterion, the design charts are made to show
the emitter flow variations. Since the uniformity coefficient and
emitter flow variation are related, this can be easily done. A set of
design charts showing the emitter flow variations was developed and are
shown in Figures 9 and 10.
There is no definite rule about the design criterion (uniformity) to be
used in the design. In general practice (3, 12) an emitter flow variation
of less than 10 percent (related to a uniformity coefficient of 98
percent) is considered as a desirable design ; an emitter flow variation of
10 percent through 20 percent (uniformity coefficient 98 percent to 95
percent) is considered as an acceptable design. An emitter flow
variation larger than 20 percent (or a uniformity coefficient of less than
95 percent) is not recommended.
The design procedures for using the general design charts Figures 7,
8, 9, and 10 are as follows:
1. Establish L/H and the total discharge, gpm.
2. Move vertically from L/H to the given gpm line in Quadrant II ;
then, establish a horizontal line into Quadrant I.
3. Move horizontally from L/H to the percent slope line in Quadrant
IV; then, establish a vertical line into Quadrant I.
4. The intersection point of these lines in Quadrant I determines the
acceptability of the design: uniformity coefficient larger than 98
percent = less than 10 percent emitter flow variations = desirable
design ; uniformity coefficient from 98 percent to 95 percent = 10
percent to 20 percent emitter flow variation = acceptable design ;
uniformity coefficient of less than 95 percent = emitter flow
variation larger than 20 percent =design not recommended.
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A General Design Chart for Uniform Slope for All Pipe Sizes
The above mentioned design charts are made for a specific lateral line
size (l/2-inch). This set of charts is commonly used because most of
lateral lines are made as 1/2-inch. If a lateral size other than 1/2-inch
will be used , another set of charts can be made by using the desired
lateral size in Equation 32 and making a new set of discharge lines in
Quadrant II of Figures 7 and 8.
A dimensionless chart was developed by simply using the following
relationship in Quadrant II of Figures 7 and 8
t1H L t1H
H H L
. .. (34)
This relationship shows a set of straight lines for different values of
~H/L in Quadrant II. t1H/L is the ratio of total energy drop to the total
length of the line. t1H can be determined from Equation 12 (British
units) or from Equation 13 (metric units).
A set of dimensionless general design charts for uniform downslopes
and upslopes was plotted and is shown in Figures 11 and 12. Two
support monographs were plotted for Equations 12 and 13 and are
shown in Figures 13 and 14. This set of figures (Figures 11, 12, 13, and
14) can be used for lateral line design for any size of lateral line and for
either British or metric units. They can be used to check the design
when a lateral line size is given, and they can also be used to design the
proper lateral line size. The design procedures are:
a. To select proper lateral line size:
1. Establish a trial L/H in Figure 11 or 12.
2. Move horizontally from L/H to percent slope line in Quadrant
IV; from that point establish a vertical line into Quadrant I.
3. Establish a point along this line in Quadrant I at the upper
boundary of desirable zone (A) or acceptable zone (B)
depending on the design criterion ; from that point establish a
horizontal line into Quadrant II.
4. Establish a vertical line in Quadrant II from the L/H value so
that it intersects the horizontal line of item 3 at a point.
5. Determine the D.H/L value in Quadrant II at this point.
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Figure 14. Nomograph for drip irrigat ion laterals and submain design in metric
units.
6. From th e proper nomograph (Figure 13 or 14) using total
discharge and b.H/L , establish the minimum lateral size accept-
able (20 percent pressure variation if zone A is used , 40 percent
pressure variation if zone B is used).
b. To check acceptability of a given lateral line:
1. Establish a trial L/H and total discharge.
2. From th e proper nomograph (Figure 13 or 14) use the total
discharge and lateral line size to determine b.H/L .
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3. Move vertically from L/H to the determined t1H/L in Quadrant
II of Figure 11 or 12 ; then establish a horizontal line into
Quadrant I.
4. Move horizontally from L/H to the percent slope line in
Quadrant IV; then establish a vertical line into Quadrant I.
5. The intersection point of these lines in Quadrant I determines
the acceptability of the design.
A Specific Design Chart for Uniform Slope
and for a Specific Lateral Line Size (or Emitter)
The general design charts presented in the previous two sections can
be used for any type of lateral or emitter. However, it requires trials of
L/H. An optimal design (based on a preset design" criterion) can be
achieved by only a few trials. Under certain conditions, if a special type
of emitter is frequently used, one may wish to develop a specific design
chart just for that lateral or emitter. This is the so-called specific design
chart that can be developed based on a computer simulation. A specific
design chart is made according to the following plan (10):
a. Determine the emitter flow and hydraulic pressure relationship for
the given lateral line or emitter as shown in Equation 2.
b. Develop a computer program to calculate the pressure variation
for the specific emitter, a given emitter spacing, and lateral line
size. The computer program will calculate pressures starting from
the downstream point with a specified pressure. Every small
section between two emitters is considered as a pipe flow
calculation. The energy drop t1H for the each small section can be
determined based on all the flow conditions (laminar, transition,
or turbulent) or simply using the Williams and Hazen formula. The
energy equation used in the program can be Equations 20 and 21 ,
or can include the velocity head term , v2 /2g. It was found that,
with or without using v2 /2g in the calculation, there will be no
significant difference in the result. Also, it was found that the use
of the Williams and Hazen formula in calculating energy drop t1H
will give almost same results as calculated by the energy drop
equations for different flow conditions.
c. When a design criterion such as a 10 percent emitter flow variation
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(or a 20 percent pressure variation) is set , the computer program
will determine the lateral line length for different input pressure
and line slope (uniform) conditions. The length determined is the
design length for which the emitter flow variation is 10 percent
according to the design criterion.
d. The specific design charts can be plotted as shown in Figures 15
and 16. The design chart shown in Figure 15 is for downslope
conditions; Figure 16 is for upslope conditions.
The specific design charts may be used with a given slope to
determine either the maximum lateral length for a given input pressure
or the minimum input pressure for a given length.
Design Chart for Lateral Lines on Nonuniform Slopes
Th e design charts developed in the previous three sections were
limited to uniform slop es and are applicable to small vegetable plots,
orchards on uniform slope terrain, or even for big sugar plantations if
the lateral lines are designed considering the contours. For areas with
rough terrain, usually in hills for tree crops, field layouts of drip
irrigation systems are frequently on nonuniform slopes. The design
principles for lateral line design on uniform slopes or nonuniform slopes
are the same. The pressure distribution (or variation) along the lateral
line is determined based on a linear combination of energy drop by
friction and energy gained (or lost) by slopes as given by Equations 20
and 21 , or it can be determined by a graphic solution as shown in
Figures 3 and 4 , except that nonuniform slope conditions will be used.
A dimensionless chart was developed (15) for lateral line design on
nonuniform slope situations as shown in Figure 17. Figure 17 consists
of four quadrants. Quadrant I is designed for plotting the nonuniform
slope pattern in a dimensionless form as a length ratio i = I/L versus
!1H//L. Quadrant II shows the energy drop pattern for different !1H/H
values ; for a given !1H/H value the !1HdH values can be determined for
any length ratio i. Quadrant IV is designed to convert the dimensionless
term !1H/ /L to !1H/ /H for different combinations of the design
parameter L/H (length and head ratio). Quadrant III is used to check
the pressure variation by balancing the friction drop !1Hi (expressed
dimensionlessly as !1HdH) and energy change by slopes !1H/ (expressed
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dimensionlessly as DoH//H) for all sections along the lateral line. A
45-degree straight line from the origin (zero length point) will show a
zero variation from . the operating pressure. Lines for l O, 20 , and 30
percent variation for both sides of the zero variation line were also
plotted and are shown in Quadrant III.
The design procedure is as follows:
1. Divide the nonuniform profile into several sections in which each
section can be considered as a uniform slope; determine the slope
. of each section; calculate the energy gain (or loss) for each section
due to its slope; and find the total energy gain by slopes for any
given length along the line (DoH/).
2. Plot the nonuniform slope pattern in a dimensionless form (l/L
versus DoH/ /L) in Quadrant 1.
3. Determine the total energy drop by friction DoH from Equations
12 or 13 or by using the nomographs as given in Figures 13 or 14
and calculate DoH/H.
4. Determine the length and head ratio L/H.
5. Pick a point from the nonuniform slope profile in Quadrant
I-usually a point between two slopes, or a point in the middle of
the section.
6. From that point draw a vertical line downward to the determined
L/H in Quadrant IV; then establish a horizontal line into Quadrant
III; also from that point draw a horizontal line to the determined
DoH/H in Quadrant II; then establish a vertical line into Quadrant
III.
7. The location of the intersection point of these two lines in
Quadrant III will determine the pressure variation from the
operating pressure H.
8. Repeat th e same procedure for other points along the dimension-
less nonuniform slope profile in Quadrant I; the pressure variation
along the entire lateral line can then be obtained.
The design chart shown in Figure 17 can be made into a slide rule for
engineering design.
Design Chart for Drip Irrigation Laterals with Varying Pipe Sizes
Most drip irrigation laterals are designed for a single size. The energy
gradient line for a single size has been derived and applied to lateral
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Figure 17. Design chart for nonuniform slopes.
designs such as those design charts developed in previous sections.
However, under certain field conditions the lateral length may be
relatively long and laid on either uniform or nonuniform slopes. This
lateral line may be designed using a series of different pipe sizes
(different diameters) (16).
It has been shown that if the lateral line having a single size is
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designed so th at th e total ene rgy drop by frict ion 6.H is balanced by th e
energy gain by downslope, 6.H' , at th e end of the line , there will be a
maximum pressure difference of 0.36 6.H', or 0.36 SoL , where So is the
lat eral line slope (uniform slope) and L is th e total length . This is du e to
the curved shape of th e energy gradient line as shown in Figure 2.
If a lateral line is divided into sections and different lateral sizes can
be used , th e energy gradi ent line will be closer to th e straight line
representing energy gain by slope ; th erefore, th e pressure difference will
be reduced . This can be shown from a dimensionless plot, Figure 18, in
which it is clear that the energy gradi ent curves are closer to a straight
line when varying sizes of lat eral line can be used. It can be seen th at if
two equal sections are used and two different lat eral line sizes are
designed based on the line slope (uniform slope) , the maximum
pressure difference will be reduced to 0.18 6.H' or 0.18 SoL , which
occurs near th e middle of th e second section. If four equal section s are
used and four different pip e sizes are designed based on the line slope
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Figure 18. Dimensionless energy gradient lines for irrigation lines with varying sizes.
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(uniform slope) , the maximum pressure difference will be reduced to
0.09 S H' or 0.09 SoL , which occurs near the middle of th e last section.
This approach also can be used for nonuniform (downslope)
situations. If the slopes of the several sections of the nonuniform slope
profile are ' used to design the lateral line size for each section, the
pressure difference can be determined as follows:
a. Two equal sections with downslopes S1 and S2 :
The maximum pressure difference for the first section can be
determined as 0.14 SI (0.5 L). The maximum pressure difference
for the second section is 0.36 S2 (0.5 L). All the differences are
shown in Figure 18.
b. Four equal sections with downslopes SI , S2, S3 , and S4:
As shown in Figure 18, the maximum pressure differences for
sections 1,2,3, and 4 are 0.06 SI (0.25 L) , 0.09 S2 (0.25 L) , 0.14
S3 (0.25 L), and 0.36 S4 (0.25 L) , respectively.
The total energy drop for each section can be determined by 'using
the mean discharge in the section without causing much error; the
Williams and Hazen formula can be used for calculating the total energy
drop sn
Q1.852
= 9.76 X 10-4 mean L
D 4.871
· .. (35)
and since the design is made for !:lH = str , Equation 35 can be shown
as
S Q
l .852
9.76 X 10-4 mean
D4.871
· . . (36)
where S is the slope of a given section, Q is expressed in gallons per
minute, and D is expressed in inches. Equation 36 can be presented as a
nomograph as shown in Figure 19. The nomograph can also be made
for metric units using the equation
Q1.852
S = 15 27 mean
. D 4.871
· .. (37)
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Figure 19. Nomograph for drip irrigation submain and lateral design in British units
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NOTE: Calculated by Williams and Hazen formula, C = 150.
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Figure 20. Nomograph for drip irrigation submain and lateral design in metric units
(for multiple sections with varying sizes).
NOTE : Calculated by Williams and Hazen formula , C = 150.
in which Q is expressed in liters per second and D is expressed in
centimeters. The nomograph for metric units is shown in Figure 20.
The design procedure for designing laterals with varying sizes is as
follows:
1. Divide the lateral line profile into several sections in which each
section can be considered as a uniform slope.
HYDRAULIC DESIGN OF DRIP IRRIGATION SYSTEMS 33
2. Find the slope of each section; there may be 81,82,83 , and 84 (if
four sections are used) for nonuniform situations or a single slope
8 for a uniform slope.
3. Determine the mean discharge, Qmean , for each section.
4. Use the proper nomograph to d.etermine the lateral line size for
each section. This can be done by drawing a straight line on the
nomograph from the mean discharge to the slope. The lateral line
size can then be read ' from the straight line at the intersection
point on the lateral size line in the nomograph.
The design charts shown in Figures 19 and 20 can be made into slide
rules for engineering design.
Lateral Design for Emitters Other than the Orifice Type
As mentioned in the section on the hydraulics of emitters, the
x-values in the emitter flow and pressure function as given in Equation
2 can be either smaller or larger than a square root function , x = 0.5.
There are some long-flow-path type of emitters that may have an
x-value larger than 0.5. There is no emitter with an x-value less than 0.5
unless it is specially designed. The general design charts presented
previously can be used in the design if a relationship between the
pressure variation and emitter flow variation can be specified.
The relationship between emitter flow variation, qvar , and pressure
variation, Hvar, is shown in Equation 30 and is given in Table 1.
Table 1. Pressure variations for different emitter flow variations and x -valu es
Emitter Flow Variation
x -value 5% 10% 15% 20% 25%
(%) (%) (%) (%) (%)
0.1 40 65 80 89 94
0.2 23 41 56 67 76
0.3 16 ;J 30 42 52 62
0.4 12 23 33 43 51
0.5 10 19 28 36 44
0.6 8 16 24 31 38
0.7 7 14 21 27 34
0.8 6 12 18 24 30
0.9 5.5 11 17 22 27
1.0 5 10 15 20 25
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Design charts can be made by setting a design criterion (emitter flow
variation) and plotting the equal-emitter flow variation lines for their
corresponding x-values. A set of 1/2-inch lateral line design charts for
10 and 20 percent emitter flow variation (downslopes) for different
x-values are given in Figures 21 and 22. The design procedure will be
the same as for the general design charts.
DESIGN OF DRIP IRRIGATION SUBMAINS
The design of submains is based on both capacity and uniformity.
Capacity means the submain size should be large enough to deliver the
required amount of water to irrigate the field. Uniformity means the
submain should be designed to maintain an allowable pressure variation
so the flow into all lateral lines will have little variation.
The submain , hydraulically, is the same as a lateral line having a
steady, spatially varied flow with lateral outflows. Design of a submain
will be based on the study of hydraulics and energy relations. Some of
the developed design charts for lateral lines also can be used for
submains.
A General Submain Design Chart for a Single Size on Uniform Slopes
Thisset of design charts for submain design is the same as presented
in the section on a general design chart for uniform slope and shown in
Figures 11, 12, 13, and 14. The same design procedure can be used. The
only difference is the calculation of total discharge. In case of the
submain design, the total discharge is the summation of all the lateral
line discharges.
A Simplified Submain Design Chart for Single Size
on Uniform Downslopes (or Zero Slope)
Since the length of a submain is relatively short (less than 200 feet)
the design can be made by considering that the total energy drop from
friction is equal to the total energy gain by slope, b..H = b..H' (17).
Generally, this design can achieve a high uniformity of lateral discharge
along the submain. When the b..H is made equal to str, Equation 12
can be written as
01.852
b..H' = 3.42 X 10-4 --- Ln4.871
... (38)
36
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Ql.852
3.42 X 10-4 D 4.871
· .. (39)
in which So is simply the submain slope. When Equation 39 is used, the
maximum pressure difference will be near the middle section of the
submain with a magnitude equal to 0.36 tJ.H'. In order to be sure that
the maximum pressure difference 0.36 tJ.H' is less than 20 percent
pressure variation to maintain a lateral discharge variation of less than
10 percent, it is necessary to check the following relationship
or
Hvar =
H var =
0.36 tJ.H'
< 20%
H
0.36 L So
< 20%.
H
· .. (40)
· .. (41)
When Hvar is set as 20 percent, then
0.36 L So
= 20%.
H
· .. (42)
This means that for a given combination of L/H, a maximum slope
can be found for maintaining the pressure variation at 20 percent. Any
slope less than the maximum means the pressure variation will be less
than 20 percent. Equation 42 was plotted for determining maximum
slope as shown in Figure 23. The simple submain design chart can be
plotted from Equation 39 and is shown in Figure 24. Figure 24 can be
used to design the submain size from the total discharge and the
submain slope when the slope is first checked and found to be less than
the maximum slope in Figure 23.
The simple submain design chart in Figure 24 is designed for slopes
equal to or larger than 0.5 percent. When the slope is less than 0.5
percent it is considered as level or zero slope, for which Equation 39
cannot be used. Under this condition it is assumed that the pressure
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variation along a submain is affected by friction drop only and the
maximum energy drop (or pressure drop) is at the end of submain.
Therefore, Equation 12 can be written as
i1H Q1.852 L
-- = 3.42 X 10-4 - - -
H n4.871 H
... (43)
By setting i1H/H = 20 percent, which is the allowable pressure
variation, Equation 43 becomes
Q1.852 L
0.20 = 3.42 X 10-4 n4.871 H
... (44)
Equation 44 can be plotted as a simple design chart as shown in Figure
25 , which can be used for submain design from the total discharge and
a length and pressure head ratio L/H. The design procedure for using
the simplified design charts, Figures 24 and 25 , are as follows:
1. Determine the total discharge Q for submain.
2. Determine the length and pressure ratio L/H.
l0 r-- - - - - - - - --- - - - - - - - - - - - - - - ---,
Sub main Design (s l ope l e s s t ha n 0. 57.)
Allowa ble Pressure Var iation . 207.
L/H
PVC (1 25 )
-- - - - - --- -- -- - - ) " - - - - - - - - - - - - - - - - --- - - - - - - - - - - - - - - - - - - - - - - - - - - - -
~ - - - - - - - - - - - - - - - 2. 5 ' ~ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
To tal Di s ch arge. Q (gpm)
Figure 25. Submain design chart -slope less than 0.5 percent and allowable pressure
variation 20 percent.
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3. Determine the submain slope. If the submain slope is less than 0 .5
percent, use Figure 25 to design the submain size ."
4 . If the submain slope is equal to or larger than 0.5 percent and
equal or less than the maximum slope determined for the L/H
ratio in Figure 23 , the submain size can be determined by using
Figure 24.
5. If the submain slope is larger than the maximum slope (Figure 24)
the simplified submain charts cannot be used. The design can be
done by using the general submain design chart given earlier in
which it may be necessary to adjust the design by using different
submain length (L) or different water pressure (H).
Submain Design for Irregular-Shaped Fields
The general submain design charts and the simplified submain design
charts presented in the previous two sections were developed based on
an assumption that the field is a rectangular shape. When the field shape
is not rectangular but can be considered trapezoidal or triangular,
adjustments can be made so the charts originally developed for
rectangular fields can be used (17).
Since the total discharge is a big factor for submain design , the
adjustment was made for the irregular-shaped fields so the adjusted
total discharge can be used directly in the design charts for designing
submain size. This was done by determining first the percentage of total
discharge that can be used in Equation 6 to determine the total energy
drop by friction , ~H, at the end of the submain. This can be expressed
as
(CQ ) 1.852~H = 9.76 X 10-4 L
D 4.871
... (45)
where ~H is the total energy drop in feet , L is the total submain length
in feet, Q is the total discharge at the inlet of submain in gpm, D is the
submain inside diameter in inches, and C is a coefficient expressed in a
percentage (less than 1) that has different values depending on the
shape of the field. The C-value for a rectangular field is determined by
equalling Equation 45 to Equation 12 and found to be 0 .57.
Suppose the irregular shape of the fields can be considered as a
trapezoid in two groups as shown in Figures 26 and 27. Group 1
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(Figure 26) shows the flow direction in the submain is from long lateral
(A) to short lateral (B) and Group 2 (Figure 27) shows the reverse
condition. When B is zero the field will be triangular. The different
values of BfA ratio represent the different trapezoidal shapes. A
computer program was prepared to determine C-values for different
field shapes (different BfA values). Using an average situation that the
total number of laterals is about 40 to 50 , the C-values are found as
follows:
1. Group I -flow direction from A to B (Figure 26)
BM C
a 0.45
0.2 0.49
0.4 0.52
0.5 0.53
0.6 0.55
0.75 0.56
0.8 0.57
1.0 0.57
2. Group 2-flow direction from B to A (Figure 27)
BM C
a 0.73
0.2 0.69
0.4 0.65
0.5 0.64
0.6 0.62
0.75 0.61
0.8 0.60
1.0 0.57
This shows that when the ratio BfA = 1, the shape of the field is
rectangular and the C-value is 0.57. For different shapes, the C-values
are different. This means for a given total discharge, Q, the total
friction drop , S.H, will be different depending on the shape of the field.
If the total energy drop , f:,.H, is constant, the total discharge, Q, will be
different. This makes it possible to use the design chart for a
rectangular shape if an adjusted total discharge can be obtained. The
adjusted total discharge will give the same total energy drop f:,.H in the
design chart for a rectangular shape as the total energy drop determined
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by total discharge in an irregular-shaped field . The adjusted total
discharge can be determined by
.. . (46)
in which Qadj is the adjusted total discharge and C, is a shape coefficient
.which is determined by simply comparing the C-value of a given field
shape to the C-value of a rectangular field. The shape coefficient, Cs '
for different B/A ratios were plotted and are shown in Figures 26 and
27 . When the adjusted total discharge is obtained, the design charts,
Figures 11 , 12, 24 , and 25, can be used for submain design.
For irregular-shaped fields the energy gradient pattern along the
submain is different as shown in Figure 28 . Figure 28 shows the
dimensionless energy gradient lines for five different field shapes: I and
V are triangular, II and IV are trapezoids, and III is rectangular. Since
the different field shapes show different energy drop patterns, the
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design charts in Figures 11 and 12 cannot be used unless the curves in
the Quadrant I are determined based on the special field shape.
However, for most trapezoid shapes when B/A is larger than 0.5 , the
energy drop pattern is close to that of the rectangular shape; therefore ,
the design charts in Figures 11 and 12 can be used without causing
much error.
The simplified design charts, Figures 24 and 25 , can be used to
design submains for irregular-shaped fields by using the adjusted total
discharge. The design can be made by using Figure 24 for submain
slopes equal or larger than 0.5 percent. The maximum slopes allowed in
the design for different L/H values for five different field shapes are
shown in Figure 29. It is interesting to note, as shown in Figure 29 , that
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Figure 29. Maximum submain slope to maintain a 20 percent pressure variation
when slope is used for submain design (simplified design chart, Figure 24).
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the different field shapes will not greatly affect the maximum slope
compared with the maximum slope for a rectangular situation. In
general practice, it can be concluded that when L/H is 5 or 10 the
maximum slope of the submain can be between 5 and 10 percent. When
the submain slope is less than 0.5 percent, Figure 25 can be used by
simply applying the adjusted total discharge.
The design procedure listed below is for irregular-shaped fields using
the general design charts in Figures 11 and 12 for submain design:
1. Determine the total discharge, Q.
2. From the field shape and the flow direction in the submain,
identify the group (Group 1 or 2) and determine the values of A
andB.
3. Calculate B/A and determine the shape coefficient C, from either
Figure 26 (Group 1) or Figure 27 (Group 2).
4. Determine the adjusted total discharge from Equation 46.
5. Design the submain using Figures 11,12,13, and 14 and using the
same design procedure as presented in the sections on general
design charts.
The design procedure for irregular-shaped fields using the simplified
design charts, Figures 24 and 25, for submain design is as follows:
1-4. Same as listed in the previous section for using the general
design charts.
5. Calculate the length and head ratio, L/H.
6. Determine the submain slope.
7. If the submain slope is less than 0.5 percent, use L/H and the
adjusted total discharge, Qadj , in Figure 25 to determine the
submain size.
8. If the submain slope is equal or larger than 0.5 percent, check the
slope with the maximum slope from Figure 29.
9. If the slope is less than the maximum slope, use the slope and the
adjusted total discharge, Qadj, in Figure 24 to design submain
size.
10. If the slope is larger than the maximum slope, a smaller L/H can
be obtained by adjusting submain length or operating pressure,
thus a maximum slope larger than the submain slope can be
obtained (from Figure 29). Then Figure 24 can be used in
designing the submain size.
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Design of Drip Irrigation Submains with Varying Pipe Sizes
45
Most of the drip irrigation submains are designed for a single size.
However, under certain situations where the submain is relatively long
and laid on nonuniform slopes or designed for high uniformity, the
submain can be designed using varying sizes. The hydraulic analysis and
design procedures are the same as those for laterals as presented in the
section on the design chart for drip irrigation laterals with varying pipe
sizes.
DESIGN OF DRIP IRRIGATION MAIN LINES
The main line design (9) is based on the topographic condition, the
operating pressure, the field layout of laterals and submains, and the
required discharge from each outlet along the main line. The main line
can be a single pipe that supplies water to a field (a submain). Main line
design can be done by considering simply a pipe flow in which the pipe
size can be determined by the allowable energy drop , S H, and the main
line length, L. When a main line system is supplying water to a series of
fields , the main line flow capacity (discharge in the pipe) changes with
respect to the length ; it has more discharge in the upstream sections
than in the downstream sections. In the main line design , it is necessary
to select the proper pipe size for each section in order to deliver water
at the required rate to all submains in the system at a pressure equal to
or larger than the required pressure. There are numerous arrangements
of pipe sizes that can be designed to meet the hydraulic situation of a
given field layout, and there are many different layouts that can be
made for a given field. Every different field layout and different
arrangement of pipe sizes will indicate a different cost. The final goal of
the main line design will be not only the optimal design within a given
field layout but also the optimal design among several field layouts.
The Energy Gradient Line
The main line design is a series of pipe flow designs. Once the field
layout is set, the required discharge rate in each section can be
determined. In common practice, the Williams and Hazen formula is
46 HAWAII AGRICULTURAL EXPERIMENT STATION
OJ
H
;:l
UJ
UJ
OJ
H
p..
A ~Avai l able I nput Pr e s sure
~Energy Gradient
1
Line s
Pr e s sur e Requir ed
f o r Irrigati on
Mai n Lin e Length, f t
Figure 30. Main line profile and energy gradient lines.
used to determine pipe sizes; this formula for plastic pipe is given in
Equation 6, which can be rearranged as
stt Q1.852
- = 9.76 X 10-4
st. D 4.871
... (47)
in which f::,.H/f::,.L is the energy slope. Equation 47 shows that the pipe
size, D, can be determined for a given discharge, Q, if the energy slope is
known. This means that there are numerous solutions of pipe size, D,
for different specified energy slopes for a given discharge, Q. The
energy slope, or the slope of the energy gradient line, should be selected
so that the energy gradient line is above the required water pressure
along the main line as shown in Figure 30. The water pressure in the
main line must always be equal to or higher than the required water
pressure for drip irrigation operation along the main line.
HYDRAULIC DESIGN OF DRIP IRRIGATION SYSTEMS
The Optimal Shape of the Energy Gradient Line
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The energy gradient line can be a straight line or curves as shown in
Figure 30. As long as the total energy is higher than the required water
pressure, the design is hydraulically sound. Figure 30 shows the main
line profile drawn for a nearly level topographic condition and a
required water pressure along the line. If an available inlet pressure at
point A is determined, and 'point B indicates the pressure required at
the downstream point, a straight line and curves will connect A and B
as shown in Figure 30. The straight energy gradient line AB is one
solution , and all the curves connecting AB are other solutions. All
solutions will give different costs for the main line system. It is necessary
to determine an optimal energy gradient line (or curve) that will have
the minimurn cost.
The optimal shape of the energy gradient curve depends on the
number of outlets and required discharge from each outlet, the number
of sections, and the length of each section (9). Suppose a main line has
10 equal sections (each section has an equal length, tJ.L , which is 10
percent of the total length, L), and the outlet discharge, q, from each
section is equal; the total cost of the main line will be
· .. (48)
in which C is the total cost; and C l , C2 , C3 , ... , ClO are the unit cost
of pipe for sections 1, 2, 3, ... , 10, respectively, counting from the
downstream end. The unit pipe cost and its size can be expressed as a
power function, which can be shown by plotting the pipe sizes and
their unit costs on log-log paper. A straight line can be drawn on the
. log-log paper and expressed as
C = a Db
· .. (49)
in which a and b are two power function constants; therefore, the cost
of the main line can be expressed as
· .. (50)
The Williams and Hazen formula, Equation 47, can be expressed as
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· .. (51)
Sf
in which x = 1.852; y = 4.871 ; a = 9.76 X 10-4 ; and Sf = energy slope.
Substituting Equation 51 into Equation 50 yields
c = ~L a ably [(QXi)b/y
SfI
... + (QXIOjb/y]
SflO
· .. (52)
If the outlet discharge, q, is equal for all sections, Equation 52 can be
rearranged as
IX 2xC = ~L I+(b/y) a ably qbx/y [(__)b/y + (_)b/y +
~HI ~H2
lOX
. . . + (__)b/y] .
~HlO
· .. (53)
· .. (54)
For a design problem where ~L and q are given, the total cost can be
expressed as
IX 2x 1axC = K[(_)b/y + (_ _)b/y + ... + (- -i/y ]
~HI ~H2 ~HlO
in which K = ~LI+(b/Y) a ably qbx/y = constant; ~HI , ~H2, ~H3, ... ,
fj.H10 are the energy drop for section 1 to section 10, respectively. The
energy drop can be expressed as a percentage of the total drop , ~H, so
Equation 54 will be
IX 2x lOX (55)C = K (~H)-b/y [(_)b/y + (_)b/y + .. . + (_)b/y] ...
PI P2 PIO
in which PI = ~HI /~H, P2 = ~H2/~H, . . . , PIO = ~HIO/~H. The
p-values (PI, P2• . . . , PIO) will show the energy drop pattern or the
shape of the energy gradient curve. When all the p-values are equal, and
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their value is 0.1, the energy drop pattern is a straight line. For a given
design problem as shown in Figure 30, the K-value and /),H are given
and are constant, so Equation 55 can be shown as
· .. (56)
in which K I =K(/),Htb/y =constant; and
· .. (57)
A minimum C-value can be obtained if the arrangement of p-values will
give a minimum <I>. Substituting x- and y-values and using b = 1.96 for
the pipe class PVC 125 , the <I>-value can be expressed as
11.852 21.852 101.852
<I> = (__)0.40 + (__)0.40 + . . . + ( )0.40
PI P2 PlO
· .. (58)
A computer program was prepared for Equation 58 to calculate <I>
for different combinations of p-values. By comparing the results an
optimal shape for the energy gradient curve can be obtained. Fifteen
energy gradient patterns were studied and the optimal shape was found
to be the heavy dash line as shown in Figure 31. Figure 31 was plotted
as a dimensionless form , a length ratio , IlL, against the energy drop
ratio, /),Hi//),H, where S H, is the total energy drop at a given length
ratio, i, (i = 0.1 , 0.2 , 0.3 , ... , 1.0). Fifteen en ergy gradient patterns are
numbered from 1 to 15 as shown in Figure 31 , and number 8 is the
pattern for a straight line. The optimal shape of the energy gradient line
was found hy comparing the costs of all 15 patterns. A term called
"sag" at the middle section (0.5 L) was used to characterize the
different energy gradient patterns. The "sag" was defined as the
distance between the curve and the straight line (Figure 31) at the
length ratio 0.5 . For energy gradient patterns 1 to 7, the distances from
the straight line are expressed as minus (-) sag ; plus (+) sags are used
for energy gradient patterns 9 to 15. The sag is a length unit and is
expressed as a percentage of the total drop, /),H. The cost of different
energy gradient patterns was compared with the cost of the straight
energy gradient line and expressed as a term called "cost ratio." The
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Figure 3 1. Dimensionless energy gradient lines for main line design.
cost ratios of different energy gradient patterns and the sag were
plotted as shown in Figure 32. It was found from Figure 32 that energy
gradient pattern number 11 is the optimal solution, and the optimal
shape of energy gradient curve is only a little below the straight line
with a sag around 0.15 !J.H.
It also was found that by applying a dynamic program optimization
(5) on nine arbitrary design examples (9) the optimal shape of the
energy gradient curve is very close to the optimal shape determined by
Equation 58.
A Straight Energy Gradient Line
The analysis of the optimal shape of the energy gradient curve as
shown in Figure 32 indicated that the difference in cost between the
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optimal shape and the straight line is only about 2 percent. This finding
supplies a fast method of design , because a straight energy gradi ent line
is easy to determine. If the main line profile , discharge, inlet pressure,
and required pressure are known, the straight energy gradient line can
immediately be determined. The design solution can be read directly
from Figure 33 which is a plot of the Williams and Hazen formula as
given in Equation 47. This technique can be applied especially to
evaluate alternative field layouts. The design procedure is as follows:
1. Plot the main line slopes (profiles) and the required pressure tor
the drip irrigation operation as shown in Figure 34. Figure 34
shows eight main line layouts on different topographic situations.
2. Plot the straight energy gradient line as suggested in Figure 34. If a
higher inlet pressure (energy) is available , a steeper straight line
can be used.
3. Determine the energy slope (the slope of the straight energy
gradient line).
4. Determine th e required discharge in each main line section.
5. Design the main line size by using Figure 33.
Th e no mograph shown in Figure 33 can be made as a slide rule and
would be more conv enient to use.
DRIP IRRIGATION EFFICIENCY
The design of a drip irrigation system is based on the hydraulics of
pipe flow. There are two irrigation efficiency terms: distribution and
application. Distribution efficiency determines how uniformly irriga-
tion water can be distributed through a drip irrigation system into the
field. Application efficiency shows how well irrigation water is applied ;
that is, what percentage of water applied is stored in the root zone as
required and available for plant use. The distribution efficiency can be
determined from the emitter flow variation along a lateral line (or
submain) of a field drip irrigation system and can be expressed by the
equation
Ed = 100 (1 _ 6.q )
q
... (59)
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in which Ed is the distribution efficiency (or uniformity coefficient) ,q
is the mean emitter flow rate (or mean submain flow rate into its
laterals), and !1q is the average absolute deviation of each emitter flow
from the average emitter flow (or average absolute deviation of each
lateral flow from the average lateral flow from a submain).
The application efficiency is defined as the ratio of water required in
the root zone to the total amount of water applied. The water required
in the root zone is assumed to ,be applied at the minimum flow rate and
over the total irrigation time. Therefore, application efficiency can be
expressed as
N qrnin TEa =
¥
· . . (60)
in which Ea is the application efficiency , N is the total number of
emitters, qrnin is the minimum emitter flow rate , T is the total irrigation
time, and ¥ is the total amount of water applied. Since the mean
emitter flow is
q
¥
NT '
· .. (61)
the application efficiency can also be expressed as
q
Emitter Flow Profiles
· .. (62)
The distribution efficiency and application efficiency depend on the
variation of emitter (or orifice) flow along the lateral line and the
variation of the amount of flow from the submain into the laterals. The
submain is usually short and can be designed to supply uniform
amounts of flow to laterals. The distribution and application efficien-
cies are caused essentially by the flow variation along the lateral line.
The emitter flow variation along a lateral is controlled by the pressure
variations along a lateral line. Therefore, according to the pressure
variations there are three different emitter flow profiles showing the
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emitter flow variation along a lateral line as shown in Figure 35. They
are as follows:
Profile I -Emitter flow decreases with respect to the lateral length.
This profile occurs .when the lateral is laid on zero or uphill slopes.
In this condition, qmax is determined by the input (operating)
pressure.
Profile 2-Emitter flow decreases with respect to the lateral length
and reaches a minimum emitter flow point and then increases with
respect to further length of lateral line. This occurs when a gain of
energy by slopes at downstream points is larger than the energy
drop by friction. This type usually occurs when the lateral line is
I
I qrnax
t==------
Type 3
Lat eral Le ngth, L
Figure 35 . Emitter flow profiles along a lateral line.
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laid on mild downhill slop es. In this condition, qrn ax is determined
by th e input pressure.
Profile 3-Emitter flow increases with respect to th e lat eral length .
This is caused by steep downslopes where the energy gain is larger
than the friction losses for all sections along the lat eral line. In this
condition , qrnin is determined by th e input pressure.
Distribution Efficiency of Drip Irrigation
Distribution efficiency is rela tively high for drip irrigation because
water distribution is under full control. Drip irrigation can be
controlled to achieve uniform irrigation (4, 6) that is nearly 100
percent distribution efficient. In common practice, a single type of
lat eral line (or emitter ) is used , and the emit te r flow variations along a
lat eral line are caused by the energy relation in the lateral line. The
emitter flow variations can be shown as three emitter flow profiles as
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Figure 36. Relat ionship between drip irrigation distribution efficiency and emitter
flow variation.
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indicated in the previous section. A computer program (10) was
developed to determine emitter flow profiles for a wide range of
possible combinations of energy drop by friction and energy gain or
loss by slopes . The distribution efficiency (or uniformity coefficient)
for each profile can be determined. The emitter flow variation as
defined in Equation 29 also can be determined from the computer
program. The relationship between the distribution efficiency and
emitter flow variation for all three emitter flow profiles was determined
as shown in Figure 36. Figure 36 shows that if the emitter flow
variation is designed for less than 20 percent, the distribution efficiency
is always larger than 95 percent.
Application Efficiency of Drip Irrigation
The application efficiency of a drip irrigation lateral can be
determined from Equation 62 considering that the minimum emitter
)( Pr o fil e 2 - mi ld down sl op e
o Pr of ile 1 - ze r o s l o pe
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.~
~ , 8", '
.~ 5 \
C1l ~~ 0\
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Figure 37. Relationship between drip irrigation application efficiency and emitter
flow variation.
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flow rate, qrnin, and the irrigation time meet the water requirement. A
computer simulation program (10) was developed to determine emitter
flow profiles for a wide range of possible combinations of friction drop
and energy gain or loss by slopes. The average emitter flow and
minimum emitter flow can be calculated to determine the application
efficiency. The application efficiency and emitter flow variations are
plotted as shown in Figure 37. Two curves were plotted in Figure
37 -one for emitter flow 'profiles I and 2 (zero slope and mild
downslope) situations, and the other for emitter flow profile 3 (steep
downslope) and profile I (upslope) situations. The difference between
the two curves is small for small emitter flow variations. An average
curve can be plotted to show the relationship between application
efficiency and emitter flow variation of less than 40 percent. This
average curve is plotted as a dash line in Figure 37.
It is interesting to note that if the design criterion is set to have an
emitter flow variation of less than 20 percent, the application efficiency
is larger than 90 percent, which is difficult to achieve in any othertype
of irrigation system.
II
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1I1
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Effi cien c y . %
IV
Figure 38 . Design chart for a I j2 -inch lateral line (downslope).
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Design Criterion for a Drip Irrigation System
There is no definite rule about the design criterion for drip irrigation.
Most designers are using an emitter flow variation of 10 percent (2) as a
design criterion for a lateral line. If a submain is also designed for 10
percent lateral flow variation, then the emitter variation for a whole
field is 20 percent . This will give an application efficiency of 90 percent
for the whole field. When submain is designed with less than 10 percent
lateral flow variation, the application efficiency of the whole field will
be larger than 90 percent. In case the lateral line is designed for a 20
percent emitter flow variation and a submain is designed for a 10
percent lateral flow variation , the overall irrigation application effi-
ciency still will be about 85 percent.
The design charts developed for lateral lines and submains as shown
in Figures 7, 8, 11, and 12 can be plotted using application efficiency as
the design criterion (in Quadrant I). A set of design charts for a
1f2-inch lateral line using irrigation application efficiency as the design
criterion is plotted and shown in Figures 38 and 39.
11
Total
Disc harge
(g pm)
o SO 40 30 20
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L .. La te ra l l e ngt h . f e e t
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30
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40
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60
Irr igat i on Applica t i on
Eff i c i en c y, %
I V
Figure 39. Design chart for a 1/2-inch lateral line (upslope).
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DESIGN OF A DRIP IRRIGATION SYSTEM
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A drip irrigation system should be designed to meet the water
requirement of the crop and the availability of water resources. The
irrigation schedule should be designed to maintain the ideal soil
moisture level in the root zone for the crop. The system must be
hydraulically sound and must achieve the uniformity desired.
Design Capacity
The design capacity is defined as a flow rate per unit area , usually
expressed as gallons per minute per acre (gpmjacre) . It is determined by
the water requirement, irrigation time, and irrigation application
efficiency. It can be expressed as
450 d
Qc = TE
a
. . . (63)
in which Qc is the design capacity, in gpm/acre; T is the irrigation time,
in hours; d is the irrigation application, in inches; and Ea is the
irrigation application efficiency. The irrigation application, d, can be
determined by
d= Cu I ... (64)
in which Cu is the consumptive use, in inches per day , and I is the
irrigation interval, in days. The design capacity also indicates the
acreage that can be irrigated by the available water resource.
Equations 63 and 64 consider that the whole area is irrigated ; this is
probably true for row crops. For orchards where only portions of the
area are irrigated , a percentage of the total area should be used. For
these situations, Equation 63 can be revised to
450pd
TEa
... (65)
where p is a portion of area , sometimes defined as area covered by
crops, and expressed as a percentage. It is also called the coverage
factor. The coverage factor is usually assumed to be I for vegetables.
The irrigation engineer must first determine the irrigation applica-
tion, in inches, from consumptive use (water requirement) and
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irrigation interval. This depends on the crop and soil conditions. When
the required irrigation application is determined , the next consideration
is the irrigation time, that is how long does it take to distribute the
water into the field . The irrigation time will be determined based on the
soil's intake rate , availability of labor, and time preferred by the
irrigation engineer or fanner.
The design capacity can be calculated from Equation 63 or from
Figure 40. Figure 40 ' is plotted from Equation 63 assuming the
irrigation application efficiency is I (100 percent) . The design capacity
obtained from Figure 40 can be adjusted for different irrigation
application efficiencies depending on the designed drip irrigation
system.
The design capacity determined by Equation 63 is the flow rate
(capacity) for a unit area (1 acre). It can be shown as a specific design
capacity for drip laterals as follows
. .. (66)
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Figure 40 . Determination of design capacity.
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Figure 41. Selection of Q100 from lateral spacing and design capacity.
in which Q lOO is the specific design capacity for drip irrigation laterals,
expressed as gpm/ 100 feet of drip irrigation lateral line , and S is the
spacing of drip laterals, in feet. The specific design capacity , QlOO , can
be used for selecting drip irrigation laterals or the operating pressure.
Equation 66 can be plotted as a design chart for specific design
capacity , Q100 , as shown in Figure 41.
Selection and Design of Lateral Lines
When the design capacity, Qc , is determined, the specific design
capacity for a lateral line , QlOO, can be calculated using Equation 66 or
determined from Figure 41 for a given selected lateral spacing, S. The
specific design capacity, Q100, is used for selecting the lateral line type.
A specific type of lateral line (or certain emitters) will be selected to
match the specific design capacity, Q100 , with the operating pressure
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that is available in the field. The lateral line length can now be designed
based on the field slope (uniform or nonuniform), a lateral line size ,
and the design criterion. The design charts and procedures presented in
the sections on lateral line design can be applied.
Field Layout and the Design of Submains and Main Lines
With the selection of a lateral line and the design length (maximum
allowable length) of the lateral , a general layout of the drip irrigation
system can be made on the topographic map. Location of submains can
be designed. The sub field controlled by each submain is commonly
designed around one or two areas. The size of submain can be designed
based on the area of the sub field and the design capacity. The general
design charts, simplified design charts, and procedures for submain
design presented earlier can be used. The main line design can be done
by using the straight energy gradient line concept. The total discharge
in each main line section is determined from the water requirement of
the submains (or subfields). It also is necessary to design for several
alternative layouts and select the least costly design . Here are a few
guidelines for a field layout of a drip irrigation system:
1. Take advantage of the land slope.
2. Irrigate both sides of the main line.
3. Make the layout as simple as possible.
4. The size of the sub field should be 1-2 acres.
Design ExampIes
Several design examples are given here to show the use of the
developed design charts in drip irrigation design (.19):
I. Lateral Line Design on Uniform Slope
Design Example 1
The operating pressure of a lateral line is 6.5 psi (15 ft) , the length
of lateral line is 300 ft, the total discharge is 2 gpm , the lateral line
slope is 2 percent (downslope) and the lateral line size is 1/2-inch
(0.625-inch I.D .). Check the acceptability of the design.
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The solution can be read from Figures 7 and 9 by the following
procedure:
a. Calculate L/H = 20.
b. From Figure 7 (or Figure 9) in Quadrant III , move vertically
from L/H = 20 to the total discharge line (Q = 2gpm) ; then
establish a horizontal line into Quadrant I.
c. Move horizontally from L/H = 20 in Quadrant III to the 2
percent downslope line in Quadrant IV; then establish a vertical
line into Quadrant I.
d. The intersection point of the two lines in Quadrant I shows a
uniformity coefficient Cu = 97 percent (emitter flow variation =
13 percent). The design is accepted.
Design Example 2
A lateral line length in a vegetable field is 150 ft and the slope of
lateral line is 1 percent downslope. Emitters spaced 1 ft apart are
installed in the lateral line. The emitter flow is 1 gph at an operating
pressure of 15 psi. Design the lateral line size.
Given information:
Lateral length L = 150ft
Operating pressure H = 15 psi =34 ft
Number of emitters = 150 .
Total discharge Q = 150 gph =2.5 gpm
Design procedure:
a. Calculate L/H = 150/34 = 4.4.
b. From Figure 11 and using the desirable zone (zone A) as the
design criterion, a ~H/L value is determined as 6.
c. From the nomograph, Figure 13, using the total discharge, Q =
2.5 gpm, and ~H/L = 6, the minimum lateral size is
determined as 0.5-inch (I.D.).
II. Lateral Line Design on Nonuniform Slopes
Design Example 3
A 400-ft, 1/2-inch lateral line is laid on a nonuniform slope. The
nonuniform situation can be expressed as follows:
0-100 ft
100-200 ft
200-300 ft
300-400 ft
3% down
2% down
0% down
3% down
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The operating pressure for drip irrigation is 15 psi, and the total
discharge for the lateral line (400 ft long) is 2 gpm. Suppose the total
energy drop by friction is determined as 5 ft. Check the pressure
variation.
Given information:
H = 34 ft
L = 400 ft
DoH = 5 ft
Solution:
a. Determine
LIH =
and
400
34
= 11.76
5
DoHIH = - = 0.147.
34
b. Nonuniform slopes
IlL 6.Hi' (ft)
0.25 3
0.50 5
0.75 5
1.00 8
DoH/IL
0.0075
0.0125
0.0125
0.02
Plot IIL versus H/ IL in Quadrant 1.
c. Follow the procedure given in the previous section on design
charts for laterals on nonuniform slopes to check the pressure
variation from the operating pressure for four points at the
length ratio 0.25 , 0.50, 0.75 , and 1.0 , respectively. Results
are shown in Figure 42. It is found in Quadrant III that the
pressure variation along the lateral line is less than 10
percent. The design is accepted.
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Figure 42. Design chart for nonuniform slopes (with a design example).
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III. Lateral Line Design with Varying Pipe Sizes
Design Example 4
In a papaya field the lateral line is 1000 ft long and laid on a
uniform 5 percent downslope. The lateral line is designed to irrigate
two rows of papaya. The papaya tree spacing is 5 ft in the row and
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the two rows are in an offset position. This means there is a papaya
tree every 2.5 feet along the line. Microtubing is connected from the
lateral line for irrigation and it is expected that each microtube will
deliver 2 gph (gallons per hour) for irrigation under an operating
pressure of 10 psi (23 ft). Design the lateral line size when different
pipe sizes can be used along the lateral.
Design procedure:
a. Calculate total discharge Q = 13.33 gpm.
b. Lateral line slope: 5 percent (down).
c. If the lateral line is divided into 10 sections, the lateral size
can be determined from Figure 19.
Section
1
2
3
4
5
6
7
8
9
10
Mean
discharge (gpm)
12.67
11.33
10.00
8.67
7.33
6.00
4.67
3.33
2.00
0.67
Lateral line
size (inches)
l~
l~
1
1
1
1
%
%
~
Y2
Design Example 5
The lateral line in Design Example 4 is laid on a nonuniform
slope (down) as follows:
0-200 ft
200-400 ft
400-600 ft
600-800 ft
800-1000 ft
Design the lateral line size.
Design procedure:
5%
3%
1%
3%
5%
a. Calculate the total discharge Q = 13.33 gpm.
b. Lateral line slope: nonuniform.
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c. If the lateral line is divided into 10 sections, the lateral size can
be determined from Figure 19.
Section
1
2
3
4
5
6
7
8
9
10
Mean
discharge (gpm)
12.67
11.33
10.00
8.67
7.33
6.00
4.67
3.33
2.00
0.67
Slope (%)
5
5
3
3
1
1
3
3
5
5
Lateral line
size (inches)
l~
l~
l~
l~
l~
l~
1
%
%
Y2
IV. Submain Design Using a Single Size
Design Example 6
A subplot of a sugarcane field is a rectangular shape of 1 acre . The
submain length is 100 ft and on a zero slope. The total discharge
required for the submain to deliver is 15 gpm and the operating
pressure is 15 psi (34 ft). Design the submain size.
Design procedure:
a. Total discharge Q = 15 gpm.
b. Calculate the submain length and pressure head ratio
L/H = 100/34 =:: 3.
c. Submain slope: 0 (zero).
d. From Figure 11 (using procedures described previously for the
general design chart) , !J.H/L is found to be 10 percent (pressure
variation 20 percent) and from Figure 13, the pipe size is
designed as 1 inch.
e. This design can also be made by using the simplified design
chart, Figure 25, the submain can be read and designed as 1
inch.
Design Example 7
Use the same field as given in Example 6; the only difference is
that the submain slope is 5 percent (down). Design the submain size.
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Design procedure:
a. Total discharge Q = 15 gpm.
b. Calculate the submain length and pressure head ratio
L/H = 100/34 == 3.
c. Submain slope: 5 percent (down)
d. From Figure 23 it is found that the maximum slope for L/H = 3
is 18 percent. The submain slope is less than 18 percent, so
Figure 24 can be used. From Figure 24 , submain size is designed
as 1 inch.
Design Example 8
Suppose this l-acre sugarcane field is in a trapezoidal shape.
(Group 1 as shown in Figure 26) with A = 150 ft and B = 68 ft. The
submain slope is 5 percent (down) and all other information is the
same as given in Example 6.
Design procedure:
a. Total discharge Q = 15 gpm.
b. Field shape Group 1;A = 150 ft , B = 68 ft (see Figure 26).
c. Calculate B/A = 0.45. From Figure 26 , the shape coefficient,
C, = 0.93.
d. Calculate the adjusted total discharge
Qadj = 0.93 X 15 = 13.95 gpm.
e. Calculate L/H = 100/34 == 3.
f. Submain slope: 5 percent (down).
g. From Figure 29 using shape IV the maximum slope for L/H = 3
is 16.5 percent which is larger than 5 percent submain slope.
h. Using Figure 24 for submain design:
Qadj = 13.95 gpm
Slope = 5 percent (down)
Design submain size = 1 inch
V. Submain Design with Varying Pipe Sizes
Design Example 9
In a sugarcane field a submain is designed to control a 2-acre
subfield. The field is a rectangular shape and the submain is 300 ft
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long. The total discharge required to irrigate the 2-acre field is 40
gpm. The submain slope is 3 percent (down). Design the submain size
when different pipe sizes can be used for the submain.
Design procedure:
a. Total discharge Q =40 gpm.
b. Slope: 3 percent downslope (uniform).
c. If the submain is divided into 10 sections, the submain size for
each section can be determined from Figure 19.
Section
1
2
3
4
5
6
7
8
9
10
Mean
discharge (gpm)
38
34
30
26
22
18
14
10
6
2
Submain
size (inches)
2
2
2
Biz
Biz
112
l~
l~
1
%
VI. Main Line Design
Design Example 10
A drip irrigation system is designed for a 50-acre papaya field. The
area is rectangular and divided into l-acre subplots that are irrigated
by a submain from the main line. The main line is laid in the center
of the field with 25 acres on both sides of the main line. Each
subplot is about 435 ft long and 100 ft wide; each main line section
is 100 ft long. The design capacity is 30 gpm per acre. There is a total
of 24 sections and at the end of each section there will be an outlet
to supply 60 gpm for irrigating both sides. If the main line slopes
are plotted as shown in Figure 43 and the required water pressure
for lateral line is 10 psi, design the main line.
Design procedure:
a. Plot the main line slopes (profiles) as shown in Figure 43.
b. Plot the required pressure, 10 psi, along the main line as 23 ft
above the ground profile.
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c. Determine the energy slope after plotting the input pressure and
drawing the energy gradient line. From Figure 43 , the energy
slope is determined as I percent.
d. Design main line sizes. The main line sizes can be determined
from the design chart, Figure 33 , using a I percent energy
gradient line. The results are as follows:
Main line Discharge Design diameter
section (gpm) (inches)
0* 1500
1 1440 10
2 1380 10
3 1320 10
4 1260 8
5 1200 8
6 1140 8
7 1080 8
8 1020 8
9 960 8
10 900 8
II 840 8
12 780 8
13 720 8
14 660 8
15 600 6
16 540 6
17 480 6
18 420 6
19 360 6
20 300 5
21 240 5
22 180 4
23 120 4
24 60 3
*Thereis an outlet at the entrance of section 1 for irrigating the subfields on both sides of
section 1.
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Figure 43. Main line profile and energy gradient line.
DRIP IRRIGATION SYSTEM DESIGN USING METRIC UNITS
The developed design charts and design procedures can be made for
metric units (18). The Williams and Hazen formula for smooth pipe
(using C = 150) for metric units is shown in Equation 7 as
!J.H
Q1.852
= 15.27 !:>.LD 4.871
in which !:>.H and !:>.L are expressed in meters, Q is expressed in lit ers per
second, and D is expressed in centimeters. Equation 7 is used for
developing the main line design chart and nomograph for designing
lateral or submain with varying pipe sizes. The total energy drop by
friction for a lateral or submain expressed in metric units is derived and
shown in Equation 12 as
o 1.852
!:>.H = 5.35 ;:.871 L
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in which Qt is the total discharge (or inlet discharge) expressed in liters
per second, D is in centimeters, and Land H are expressed in meters.
Lateral Line Design Charts for Uniform Slopes
The lateral line design charts were developed for two commonly used
sizes, 12 and 16 mm (inside diameter) as shown in Figures 44 and 45.
0 .0:5
0. 05
60 40
L/H
II I
0. 5
5
4 L = Total length , meter (m)
H = I npu t pres sure, mete r (m)
Des i rable (pres s ure variat ion
less than 20 %)
Accep table (pr e s s ure variat ion
f ro m 20 -4 0%)
Not acceptable
Q = To ta l d ischarge , li ters per
second (LPS)
Figure 44. Drip irrigation design calculator (12 mm).
HYDRAULIC DESIGN OF DRIP IRRIGATION SYSTEMS 75
The design procedures are the same as presented in the section on the
use of the general design charts.
A General Design Chart for Uniform Slope for All Pipe Sizes
The general design charts presented earlier and shown in Figures 11,
12, and 14 and the design procedure using these charts can be used for
lateral and submain design on uniform slope in metric units.
0. 2 0 . 3 0 . 4
L = Tot al length , met e~ (m)
H = Input pressure, mete r (rn)
Des i~able (pre ssure va r ia t ion
l e s s than 20%)
Acce ptab l e (pres sure va r ia tion
f rom 20- 40%)
No t acce p table
L/H 30
40
50
6 0 I V
0 . 2 0 .3 0 .4
Lll
60 40 20
L/H
0 .15
0 .10
0.05 Q = To ta l discharge. lit e r s per
second ( LPS )
0 .5
Figure 45. Drip irrigation design calculator (16 mm).
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Design Chart for Lateral Lines on Nonuniform Slopes
The dimensionless design chart for nonuniform slopes as given in
Figure 17 combined with the nomograph as shown in Figure 14 can be
used for lateral line design for nonuniform slopes. The design
procedures are the same as presented in the earlier section on design for
lateral lines on nonuniform slopes.
Design Charts for Lateral and Submain Design with Varying Pipe Sizes
The nomograph shown in Figure 20 can be used to design laterals
and submains with varying pipe sizes for both uniform and nonuniform
slopes. The design procedures are the same as presented in the earlier
section on design for laterals and submains with varying pipe sizes.
200 r-----,----,---,r---.----.----r------,.----,.----,-.-------,
10 0
Subma i n Sl ope
S
~ 0 .5 % 1% 2%
0 50
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C1J 30e
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0
C1J 20 -
"0
OM
CIJ
l::
H
6% 8% 10%
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0.1 0 .2 0 . 3 0.4 0 .5 1 2 345 10
Total Discharge, Q (liters per second)
Figure 46. Submain design chart-slope equal or larger than 0.5 percent.
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Figure 47. Submain design chart-slope less than 0.5 percent and allowable pressure
variation 10 percent.
Simplified Submain Design Charts
Two simplified submain design charts were developed and are shown
in Figures 46 and 47: Figure 46 is designed for submain slopes equal to
or larger than 0.5 percent and Figure 47 is designed for submain slopes
less than 0.5 percent. The design procedures, including the irregular-
shaped field case, are the same as 'presented in the section on submain
design for single size on uniform downslopes or zero slope and the
section on submain design for irregular-shaped fields.
Design Chart for Drip Irrigation Main Lines
The nomograph similar to Figure 33 was plotted for main line design
in metric units as shown in Figure 48. The design procedures are the
same as presented in the section on a straight energy gradient line.
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Tota l Discharge, Q (Li t ers pe r Second)
0.1
I
1 2
1
, I 1.1
3 4 5
10
1.1
I
10 20 30
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" II I
40 50
Pip e Si ze , D (Inside Di amet e r, em.)
(Pla s ti c Pipe)
I 1 II
100
II II I
10
6HEnergy Slope, L ( %)
1.1
1 0 . 1
(Total Fric t ion Dro p i n Meters pe r 100 Mete rs of Main Li ne )
Figure 48. Nomograph for drip irrigation main line design in metric units.
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